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26Axial patterning is crucial for organogenesis. During Drosophila eye development, dorso-ventral (DV) axis
27determination is the first lineage restriction event. The eye primordium begins with a default ventral fate, on
28which the dorsal eye fate is established by expression of the GATA-1 transcription factor pannier (pnr).
29Earlier, it was suggested that loss of pnr function induces enlargement in the dorsal eye due to ectopic
30equator formation. Interestingly, we found that in addition to regulating DV patterning, pnr suppresses the
31eye fate by downregulating the core retinal determination genes eyes absent (eya), sine oculis (so) and
32dacshund (dac) to define the dorsal eye margin. We found that pnr acts downstream of Ey and affect the
33retinal determination pathway by suppressing eya. Further analysis of the “eye suppression” function of pnr
34revealed that this function is likely mediated through suppression of the homeotic gene teashirt (tsh) and is
35independent of homothorax (hth), a negative regulator of eye. Pnr expression is restricted to the peripodial
36membrane on the dorsal eye margin, which gives rise to head structures around the eye, and pnr is not
37expressed in the eye disc proper that forms the retina. Thus, pnr has dual function, during early
38developmental stages pnr is involved in axial patterning whereas later it promotes the head specific fate.
39These studies will help in understanding the developmental regulation of boundary formation of the eye
40field on the dorsal eye margin.
41© 2010 Published by Elsevier Inc.
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46 Introduction

47 Axial patterning is required for the transition of a single sheet of
48 cells into a three-dimensional organ. Axial patterning involves
49 generation of two different cell populations or compartments.
50 Compartments are the fundamental units of patterning that are
51 generated by localized expression of transcription factors called
52 selectors. The selectors, when expressed in a group of cells, can confer
53 compartment-specific properties to these cells (Curtiss et al., 2002;
54 Mann and Carroll, 2002). Signaling between the cells of two
55 compartments is crucial for the patterning, growth and differentiation
56 of a developing field (Blair, 2001). The developing eye of the fruit fly,
57 Drosophila melanogaster, has been extensively used to study pattern-
58 ing and growth. The compound eye of the adult fly develops from an
59 epithelial bi-layer called the eye-antennal imaginal disc that is derived
60 from the embryonic ectoderm (reviewed by Cohen, 1993, Held, 2002).
61 The imaginal disc is a sac-like structure present inside the larva, which
62 is the product of two different layers: the peripodial membrane (PM)

63and the disc proper (DP). The Drosophila retina develops from the DP
64while the PM of the eye-antennal imaginal disc contributes to the
65adult head structures (Milner et al., 1983; Haynie and Bryant, 1986;
66Atkins and Mardon, 2009). Morphogenesis during animal develop-
67ment involves signaling between different layers of the tissue (Furuta
68and Hogan, 1998; Obara-Ishihara et al., 1999). Similarly, signaling
69between the PM and the DP of the eye disc is essential for dorso-
70ventral (DV) axis establishment and patterning (Cho et al., 2000;
71Gibson and Scubiger, 2000; Atkins and Mardon, 2009).
72The adult eye is a highly precise hexagonal array of ~800
73ommatidial clusters or unit eyes (Ready et al., 1976; Wolff and
74Ready, 1993). The ommatidia are arranged in two chiral forms, which
75are in a mirror image asymmetry along the DV midline called the
76equator. The equator demarcates the boundary between the dorsal
77and the ventral eye, and is the site for upregulation of Notch (N)
78signaling, which triggers cell proliferation and differentiation (Cho
79and Choi, 1998; DomÍnguez and de Celis, 1998; Papayannopoulos
80et al., 1998; Singh et al., 2005b). Although the mirror image
81asymmetry is generated during the third instar stage of larval eye
82development, the subdivision of the eye into dorsal and ventral
83compartments takes place even earlier by domain specific expression
84and function of DV patterning genes (Cho and Choi, 1998; DomÍnguez
85and de Celis, 1998; Papayannopoulos et al., 1998; Cavodeassi et al.,

Developmental Biology xxx (2010) xxx–xxx

⁎ Corresponding author. Premedical Programs, University of Dayton, Dayton, OH
45469, USA. Fax: +1 937 229 2120.

E-mail address: amit.singh@notes.udayton.edu (A. Singh).
1 Equal contribution.

YDBIO-04944; No. of pages: 14; 4C: 3, 4, 6, 7, 8, 9, 10, 11

0012-1606/$ – see front matter © 2010 Published by Elsevier Inc.
doi:10.1016/j.ydbio.2010.07.030

Contents lists available at ScienceDirect

Developmental Biology

j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logy

Please cite this article as: Oros, S.M., et al., Dorsal eye selector pannier (pnr) suppresses the eye fate to define dorsal margin of the Drosophila
eye, Dev. Biol. (2010), doi:10.1016/j.ydbio.2010.07.030



86 1999; Maurel-Zaffran and Treisman, 2000; Singh et al., 2005b). In
87 antenna, wing and leg imaginal discs, DV boundary formation takes
88 place after the antero-posterior (AP) lineage restriction is generated
89 (Blair, 2001; Garcia-Bellido and Santamaria, 1972; MÍlan and Cohen,
90 2003; Morata and Lawrence, 1975; Tabata et al., 1995). However, in
91 the eye disc, the AP pattern is established dynamically in the third
92 larval instar stage (after DV lineage is established) when the
93 morphogenetic furrow (MF) is initiated (Singh et al., 2005b). The
94 MF is a wave of retinal differentiation, which progresses anteriorly
95 resulting in the transformation of undifferentiated retinal precursor
96 cells (anterior to MF) into differentiated photoreceptor neurons
97 (posterior to MF) of the eye (Ready et al., 1976; Wolff and Ready,
98 1993; Heberlein and Moses, 1995; Lee and Treisman, 2001a,b).
99 Therefore, the DV lineage, which is established at late first instar or
100 early second instar larval stages, is the first lineage restriction event in
101 the eye, and is crucial for the growth and differentiation of the eye
102 (Singh and Choi, 2003; Singh et al., 2005b).
103 During genesis of eye, the entire early eye imaginal primordium
104 initiates from the default ventral fate, which depends on the functions
105 of Lobe (L) and Serrate (Ser) genes (Chern and Choi, 2002; Singh and
106 Choi, 2003; Singh et al., 2005a,b, 2006). The onset of expression of the
107 dorsal selector gene pnr, a member of the GATA-1 family of
108 transcription factors, at the dorsal margin of early second instar larval
109 eye discs establishes the DV lineage in the eye (Maurel-Zaffran and
110 Treisman, 2000; Singh and Choi, 2003; Singh et al., 2005a). It has been
111 shown that pnr (Maurel-Zaffran and Treisman, 2000) andmembers of
112 the Iro-C homeodomain genes viz., araucan (ara), caupolican (caup)
113 (Cavodeassi et al., 1999) and mirror (mirr) (Kehl et al., 1998; McNeil
114 et al., 1997) are expressed in the dorsal region of the prospective eye
115 (DomÍnguez and de Celis, 1998; McNeil et al., 1997) and act as the
116 dorsal eye fate selectors. pnr, the most upstream gene known in the
117 dorsal eye gene hierarchy, regulates the expression of downstream
118 Iro-C genes through Wingless (Wg) signaling (Heberlein et al., 1998;
119 Maurel-Zaffran and Treisman, 2000). Wg, which encodes a secreted
120 protein, is expressed along the antero-lateral margins of the third
121 instar eye-antennal imaginal disc (Baker, 1988), and prevents ectopic
122 initiation of retinal differentiation from these positions (Ma and
123 Moses, 1995; Treisman and Rubin, 1995). Wg signaling promotes the
124 growth of cells in the eye-antennal disc and is sufficient to maintain
125 cells in an undifferentiated state such that these cells continue to
126 express anterior head specific markers (Lee and Treisman, 2001a,b).
127 In the dorsal eye, Wg promotes expression of Iro-C genes during early
128 eye development. The dorsal eye genes and the genes involved in
129 ventral eye development act antagonistically to each other (Singh
130 et al., 2005a,b). These genetic interactions define a signaling pathway
131 that contributes toward the positioning of the equator (Cho and Choi,
132 1998; DomÍnguez and de Celis, 1998; Papayannopoulos et al., 1998;
133 Maurel-Zaffran and Treisman, 2000). Thus, pnr is known to specify
134 dorsal eye fate. However, the role of pnr during retinal differentiation
135 of the eye is not known. Thus, it is important to discern the role of DV
136 patterning gene, pnr, during later stages of eye development.
137 Interestingly, loss-of-function of DV patterning genes manifest
138 defects in the eye growth and patterning but themechanism bywhich
139 the DV patterning genes contribute to retinal determination is
140 unknown. It is known that eye specification, and determination
141 depends on a core of retinal determination (hereafter, RD) genes.
142 These RD genes include PAX-6 homolog eyeless (ey), twin of eyeless
143 (toy), eyes absent (eya), sine oculis (so) dachshund (dac), optix (opt),
144 and eyegone (eyg) (Pappu andMardon, 2004; DomÍnguez and Casares,
145 2005; Kumar, 2009). Ey is one of the early expressed gene which is
146 required for eye field specification and is reported to induce
147 expression of eya and so to promote the eye growth and specification
148 (for review Pappu and Mardon, 2004; Silver and Rebay, 2005; Kumar,
149 2009). Themultiple feedback and cross regulatory interactions among
150 RD genes lead to formation of the eye. Loss-of-function of RD genes
151 results in the loss of eye field whereas ectopic expression of RD genes

152results in the induction of ectopic eyes (Halder et al., 1995; Pappu and
153Mardon, 2004; Silver and Rebay; 2005; Kumar, 2009). Several genes
154other than RD genes contribute towards eye development. A homeotic
155gene, tsh, which encodes a C2H2 Zinc finger transcription factor with
156three widely spaced Zinc finger domains (Fasano et al., 1991), has
157been suggested to act upstream of eya, so and dac during eye
158development (Pan and Rubin, 1998; Kumar, 2009). Interestingly, tsh
159also exhibits asymmetric DV response in the eye (Singh et al., 2002).
160Misexpression of tsh suppresses the eye fate in the ventral eye and
161promotes ectopic dorsal eye enlargement (Singh et al., 2002). It has
162been shown that tsh collaborates with the genes that express in a
163domain specific manner to exhibit DV asymmetric response in the
164developing eye disc (Singh et al., 2004). Interestingly, in the dorsal
165eye, the gain-of-function phenotype of teashirt (tsh) is similar to the
166loss-of-function phenotype of pnr. However, the mechanism of their
167interaction during eye development is not fully understood. In the
168ventral eye, tsh suppresses the eye by induction of a Meis class of
169homeotic gene, homothorax (hth) (Rieckhof et al., 1997; Singh et al.,
1702002). Tsh has been shown to physically bind Hth anterior to the eye
171field (Bessa et al., 2002). Hth, is known to act as a negative regulator of
172eye development. Loss-of-function of hth results in induction of the
173ventral eye or enlargement of the ventral eye domain (Pai et al.,
1741998). However, loss-of-function of hth in the dorsal eye has no effect
175even though hth is expressed in the dorsal eye (Pichaud and Casares,
1762000; Jaw et al., 2000). Further, tsh does not affect hth expression in
177the dorsal eye whereas tsh acts upstream of hth in the ventral eye
178(Singh et al., 2002). Therefore, the mechanism of hth regulation in the
179dorsal eye remains unknown. Interestingly, the mechanism of genetic
180regulation of dorsal eye field growth is not very clear.
181pnr plays an important role in the dorsal eye development.
182Onset of pnr expression in the dorsal eye margin is associated with
183DV lineage restriction (Maurel-Zaffran and Treisman, 2000;
184Cavodeassi et al., 2000; Singh et al., 2005b). The loss-of-function
185phenotypes of pnr result in ectopic eye enlargement of the dorsal
186eye. Here we report that in addition to its earlier reported role of
187dorsal selector during axial (DV) patterning, pnr plays an
188important role in defining the dorsal eye margin by regulating
189retinal determination. We have found that gain of function of pnr
190suppresses the retinal determination whereas the loss of pnr
191results in the ectopic induction of retinal determination genes. Our
192data suggests that pnr suppresses the retinal determination by
193downregulation of homeotic gene tsh, and is independent of hth.
194Interestingly, pnr is expressed only in the peripodial membrane
195and not in the disc proper, which gives rise to the retina. Thus, a
196late function of pnr is to block retinal determination in the
197peripodial membrane to define the dorsal eye margin.

198Materials and methods

199Stocks

200Fly stocks used in this study are described in Flybase (http://flybase.
201bio.indiana.edu). We used y, w, eyFLP (Newsome et al., 2000), y, w;
202FRT82B pnrvx6/CyO, (Heitzler et al., 1996), UAS-pnrD4 (Haenlin et al.,
2031997), UAS-pnrENR (Klinedinst and Bodmer, 2003), FRT82D hthP2 (Noro
204et al., 2006), UAS-ara (Gómez-Skarmeta andModolell, 1996), UAS-hth12

205(Pai et al., 1998), UAS-hth-ENR (Inbal et al., 2001), y, w; tsh8/CyO (Fasano
206et al., 1991); UAS-tsh (Gallet et al., 1998), UAS-ds tsh (Bessa and Casares,
2072005), y w; tshA8 (Sun et al., 1995); y,w; UAS-NLS-GFPS65T (Ito et al.,
2081997) UAS-wg (Azpiazu and Morata, 1998), pnr-Gal4, UAS-GFP (Singh
209et al., 2005a), ey-Gal4 (Hazelett et al., 1998), bi-Gal4 (Calleja et al.,
2101996). We have used Gal4/UAS system for targeted misexpression
211studies (Brand and Perrimon, 1993). All Gal4/UAS crosses were done at
21218 °C, 25 °C and 29 °C, unless specified, to sample different induction
213levels.
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214 Genetic mosaic analysis

215 Loss-of-function clones were generated using the FLP/FRT system of
216 mitotic recombination (Xu and Rubin, 1993). To generate loss-of-
217 function clones of pnr in the eye, eyFLP; FRT82B Ubi-GFP females were
218 crossed to y,w; FRT82Bpnrvx6males. Gain-of-function clones ofpnrwere
219 generated using hs-FLP method where y, w, hsFLP122; P(ActNy+NGal4)
220 25 P(UAS-GFPS65T)/CyO (Struhl and Basler, 1993) flies were crossed to
221 UAS-pnrD4 flies.

222 Immunohistochemistry

223 Eye-antennal imaginal discs were dissected from wandering third
224 instar larvae and stained following the standard protocol (Singh et al.,
225 2002). Antibodies used were mouse and rabbit anti-β galactosidase
226 (1:200) (Cappel); chicken anti-GFP (1:200) (Upstate biotechnology),
227 rat anti-Elav (1:100); mouse anti-WG (1:50) (Developmental Studies
228 Hybridoma Bank); rabbit anti-Dlg (a gift from K. Cho), rabbit anti-Ey
229 (a gift from UweWalldorf and Patrick Callaerts), anti-Hth (a gift from
230 H. Sun and R. Mann) mouse anti-So (1:100), mouse anti-Dac (1:100),
231 mouse anti-Eya (1:100) (Developmental Studies Hybridoma Bank),
232 Rat anti-Tsh (1:50) (Gallet et al., 1998). Secondary antibodies
233 (Jackson Laboratories) were goat anti-rat IgG conjugated with Cy5
234 (1:200), donkey anti-rabbit IgG conjugated to Cy3 (1:250), donkey
235 anti-rabbit IgG conjugated to FITC, donkey anti-mouse IgG conjugated
236 to Cy3 (1:200). Pnr expressionwas detected using pnr-Gal4NUAS-GFP
237 (Pichaud and Casares, 2000; Singh and Choi, 2003; Singh et al.,
238 2005a). Immunofluorescent images were analyzed using the Olympus
239 Fluoview 1000 Laser Scanning Confocal Microscope.

240 Scanning electron microscopy (SEM)

241 The flies were prepared for scanning electron microscopy by
242 dehydration through a series of increasing concentrations of acetone.
243 Dehydrated flies were then stored in 1:1 mixture of acetone and Hexa
244 Methyl Di Silazane (HMDS, Electron Microscopy Sciences), and then

245stored in 100% HMDS. The flies were allowed to air dry in HMDS.
246Dehydrated flies were mounted on a carbon conductive tape on EM
247stubs. Fly samples were coated with gold using a Denton vacuum
248sputter coater and analyzed using a Hitachi S-4800 High Resolution
249Scanning Electron Microscope (HRSEM).

250Results

251Pnr expression is restricted to the peripodial membrane (PM) of the
252dorsal eye margin

253In the Drosophila embryo, pnr is expressed in the dorsal most
254embryonic cells in a domain of presumptive notum surrounding the
255dorsal midline, and at the dorsal anterior margin of the eye disc
256(Heitzler et al., 1996; Ramain et al., 1993; Maurel-Zaffran and
257Treisman, 2000). Pnr is not expressed in the first instar larval eye-
258antennal imaginal disc (Fig. 1A). In the eye-antennal disc, pnr
259expression begins either in the late first instar stage or in the early
260second instar stage (Singh and Choi, 2003). In the early second instar
261eye-antennal imaginal disc, pnr expression begins in 5–7 cells in the
262dorsal margin of antenna and head region of the eye-antennal disc
263(Fig. 1A). Duringmid- to late- second instar of larval eye development,
264pnr begins to express in 30–35 cells (Fig. 1B). During the late second
265instar stage of larval eye development, pnr expression spreads to 80–
266100 cells in the dorsal eye domain (Fig. 1C). Interestingly, pnr
267expression is not seen in any disc proper cells, which differentiate to
268retinal photoreceptor cells in the eye (Fig. 1C'). Furthermore, pnr
269expression is restricted to the peripodial membrane on the dorsal eye
270margin (Pereira et al., 2006). Rarely a few disc proper cells (anterior to
271the morphogenetic furrow) at the border with peripodial membrane
272in the eye disc show pnr expression (Fig. 1C"). As the larva progresses
273into its third instar stage, pnr extends throughout the dorsal-most
274region of the head and antenna. The pnr expression in the third instar
275eye-antennal imaginal evolves into 4–5 rows of cells on the dorsal eye
276margin (Fig. 1D). Pnr expression overlaps with the MF but does not

Fig. 1. Pnr expression is restricted to the peripodial membrane (PM) of the dorsal eye margin. (A) pnr expression (pnr Gal4 drive UAS-GFP, Singh and Choi, 2003; Singh et al., 2005a,b) is
absent in the first instar eye-antennal imaginal discwhereasWg (red) is expressed in the entire eye disc. Note that pnr expression in the brain at this stage is seen. (B) In the second instar
eye-antennal imaginal disc, pnr expression (green) is initiated in 15-20 cells on the dorsal eye margin andWg (red) is expressed laterally on both dorsal and ventral eye margins. At this
stage, Hth (blue) expression is present in the entire eye disc. (C, C', C") In the early third instar eye-antennal disc, pnr expression in the dorsal eyemargin is restricted only to the peripodial
membrane (PM)whereasHth (blue) is also expressed inperipodialmembrane (PM) of the eye-antennal disc. (C')pnr (green) expression at this stage is absent in the disc proper (DP). Hth
(blue) expression begins to retract with the initiation of MF and stays anterior to the furrow (Pai et al., 1998; Bessa et al., 2002; Singh et al., 2002). (C") Pnr expression is restricted to the
peripodial membrane (PM) specific cells on the dorsal eye margin. (D) In the late third instar eye-antennal imaginal disc, pnr (green) expression is restricted to the dorsal eye margin
whereas Wg (red) expression is restricted to the dorsal and ventral eye margins. Hth (Blue) is expressed in rings in the proximal region of antenna and expressed both in the dorsal and
ventral part of the disc proper anterior to the furrow.Dashed lines indicate the approximatemidline, the border betweenD(Dorsal) andV (ventral) eye. All the eye-antennal imaginal discs
and the adult eyes are organized as Dorsal (D) up and the ventral (V) down. Markers for immunostaining are shown in color labels. (AN: Antenna).
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277 coincide with retinal cells as it is expressed only in the peripodial
278 membrane.
279 Wg expression, which acts downstream to Pnr, is localized to the
280 dorsal as well as the ventral eye margins in the disc proper cells
281 (Fig. 1B–E). Wg is also expressed throughout all larval stages in the
282 PM (Cho et al., 2000). Wg is expressed in both the dorsal and ventral
283 compartments, but expression in the dorsal is constant throughout all
284 larval stages in the peripodial membrane. Wg is controlled by pnr in
285 the peripodial membrane only; its disc proper expression is not
286 influenced by any identified gene as of yet. In the first instar and early
287 second instar eye disc, hth is expressed in the entire eye disc (Fig. 1B;
288 Singh et al., 2002; Bessa et al., 2002). The expression of hth in the disc
289 proper (DP) begins to retract in late second instar (Fig. 1C') whereas
290 hth is expressed in the entire peripodial membrane (PM). In late third
291 instar stage, hth expression stays anterior to the MF in the late third
292 instar stage (Fig. 1D).

293 Loss-of-function clones of pnr show four different phenotypes

294 We employed the genetic mosaic approach to generate loss-of-
295 function clones of pnr in the developing eye-antennal imaginal disc (Xu
296 and Rubin, 1993). We used the pnrvx6 mutant, a null allele which has a
297 deletion of all but 9 amino acids of the coding region (Ramain et al.,
298 1993; Heitzler et al., 1996), to generate the genetic mosaic clones.
299 Mutant clones were generated in the eye using the FLP/FRT system
300 where Flippase is under the control of an eye-specific enhancer of
301 eyeless, (ey), (Quiring et al., 1994). Since pnr is expressed in the dorsal
302 eye, the loss-of-function clones of pnr that are located only in the dorsal
303 eye margin exhibit phenotypes. The loss-of-function clonal phenotypes
304 of pnr can be classified into four different categories:

305 Non-autonomous dorsal eye enlargement
306 Loss-of-function clones of pnr in the dorsal eye result in an ectopic
307 eye field or enlargement of the existing eye field comprising of
308 differentiating photoreceptor neurons. These eye field enlargements
309 or ectopic eye fields can even extend anterior to the furrow only on
310 the dorsal eye margin (Fig. 2A; marked by white dotted line). Further,
311 these eye enlargement phenotypes are non-autonomous, which

312include both mutant cells (lack GFP reporter, marked by dotted
313boundary in Fig. 2A) as well as the adjoining wild-type cells (GFP
314positive). In the adult eyes, the pnr clones were marked by absence of
315themini-white reporter gene, which is involved in the pigment uptake
316in the eye (Sun et al., 1995). These clones resulted in either
317enlargement of the pre-existing dorsal eye field or generation of a
318de novo ectopic eye field in the dorsal head cuticle (Fig. 2B; marked by
319black dotted line). These ectopic eye fields did not arise exclusively
320within the pnrmutant clones, but also contained a domain of thewild-
321type cells (marked by dark red pigment). The phenotype of these
322clones resembled the loss-of-function clone phenotypes of pnr
323described earlier (Maurel-Zaffran and Treisman, 2000; Singh and
324Choi, 2003). These phenotypes were explained to be due to
325generation of a de novo equator between the pnr - and pnr + cells.
326The frequency of these clones is around ~8.3% of the total pnr loss-of-
327function clones (Table 1). Strikingly, we observe only the bigger size
328clones in this category.

329Autonomous dorsal eye enlargement
330Loss-of-function clones of pnr in this category showed an ectopic
331field of differentiating photoreceptors anterior to the morphogenetic
332furrow in the dorsal eye domain. Unlike the clones of previous
333category, the ectopic eye field in these clones was autonomous
334(restricted within the pnr loss-of-function clones) (Fig. 2C, clonal
335boundarymarked by white dotted line). In the adult flies, these clones
336resulted in the formation of an ectopic eye field in the dorsal head
337cuticle anterior to the eye field (Fig. 2D, black dotted line). The ectopic
338eye field in the clones of this category was devoid of any wild-type
339pnr+ cells, clearly suggesting that pnr loss-of-function led to the
340generation of ectopic eyes. The frequency of these clones was nearly
34112.6%, which comprises of both the smaller (7.0%) as well as the
342bigger (5.6%) clones (Table 1). Some of these clones were
343accompanied by cuticle enlargement in the head.

344Absence of dorsal eye enlargement
345Unlike the previous two categories of pnr clones (Fig. 2A–D), loss-
346of-function clones in this category does not result in any ectopic
347dorsal eye enlargement (Fig. 2E). Interestingly, even though these

Fig. 2. Loss-of-function of pnr exhibits a range of eye enlargements and antennal duplications in the dorsal eye. (A, B) Loss-of-function clones of pnr in the dorsal eye margin {marked
by the absence of GFP (green) in the eye-antennal imaginal disc and absence of the mini-white reporter (red) in the adult eye} results in a non-autonomous ectopic eye enlargement
as seen in the eye-antennal imaginal disc and in the adult eye. The ectopic eye enlargements are not restricted within the clone. However, they extend both in the wild-type as well as
in the pnr mutant cells of the eye-antennal disc. Note that the dorsal clone boundary is marked by white dotted line in the eye disc and by black dotted line in the adult eye. (C, D)
Loss-of-function of pnr in the dorsal eye results in an autonomous ectopic dorsal eye anterior to the normal eye field. These ectopic eyes are restricted to within the clones. Note that
not all the cells of the pnr loss-of-function clone differentiate to the photoreceptors. (E, F) Loss-of-function clones of pnr in the dorsal eye have no effect on the eye field as seen in the
eye disc and the adult eye. All these clones were restricted to the disc proper. (G, H) Loss-of-function clones of pnr in the antenna results in duplication of the antennal field as seen in
(G) the eye-antennal disc and (H) the adult head. (H) Scanning electron microscopy (SEM) of the adult head showing antennal duplication and dorsal eye enlargement
(Magnification ×180). Note that only a few pnr loss-of-function clones show both dorsal eye enlargements along with the antennal duplication.
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348 clones span both the anterior as well as the posterior regions of the
349 morphogenetic furrow in the dorsal eye- antennal imaginal disc but
350 did not result in any ectopic eyes in the eye disc (Fig. 2E) as well as in
351 adult flies (Fig. 2F). The frequency of these clones is nearly 75.3%
352 (Table 1). We found that these clones unlike the clones from the
353 previous two categories are restricted only to the disc proper in the
354 dorsal eye; a domain where pnr is normally not expressed (Fig. 1).

355 Antennal duplication
356 Loss-of-function clones of pnr in the antenna region of the eye-
357 antennal imaginal disc, results in the duplication of antennal field
358 (Fig. 2G). Interestingly, most of these antennal duplications were
359 accompanied with ectopic eye enlargements (Fig. 2H). However, in
360 some of these clones only antennal duplication were observed. These
361 clones led to duplication of the ventral head structures such as
362 antenna and maxillary palps in the dorsal head (Fig. 2H; Maurel-
363 Zaffran and Treisman, 2000; Pichaud and Casares, 2000; Singh et al.,
364 2005b). The frequency of these clones was ~3.6% (Table 1). Thus, our
365 analysis of loss-of-function clones suggests that pnr may be involved
366 in the suppression of eye fate.

367 Pnr suppresses the eye fate in the dorsal eye

368 To test the role of pnr in eye fate determination, we used the target
369 system of Gal4/UAS tomisexpress pnr in the eye (Brand and Perrimon,
370 1993). We used a UAS-pnrD4 construct that behaves like wild-type pnr
371 in the absence of U-shaped (ush) function (Haenlin et al., 1997;
372 Maurel-Zaffran and Treisman, 2000; Fossett et al., 2001; Singh and
373 Choi, 2003). Ush encodes a zinc finger protein that dimerizes with Pnr
374 and acts as a negative regulator of pnr transcriptional activity (Haenlin
375 et al., 1997). Since ush is not expressed in the eye-antennal imaginal
376 disc, the UAS-pnrD4 construct behaves in a wild-type fashion in the eye
377 (Maurel-Zaffran and Treisman, 2000; Fossett et al., 2001). We used an
378 ey-Gal4 driver that drives the expression of UAS-GFP transgene in the
379 entire eye disc, which comprises of differentiating retinal neurons
380 (posterior to MF, marked by white arrowhead) as well as the region
381 forming the prospective head cuticle (anterior to MF) (Fig. 3A; Singh
382 et al., 2005a). Misexpression of pnr in the entire eye disc using ey-Gal4
383 (eyNpnrD4) results in the complete loss of eye field as evident from the
384 absence of neuronal marker Elav whereas the size of antennal field is
385 not affected (Fig. 3C). The misexpression of pnr in the entire eye
386 (eyNpnrD4) results in the adult flies with highly reduced eye field or
387 what we refer to as the "no-eye" phenotypes (Fig. 3D) as compared to
388 the wild-type eyes (Fig. 3B). To test if there is any domain specific
389 response of pnr misexpression, we employed bi-Gal4 driver, which
390 drives the expression of UAS- GFP transgene (biNGFP) on both dorsal
391 and ventral margins of the developing eye-antennal imaginal disc
392 (Fig 3E; Calleja et al., 1996; Singh et al., 2002, 2004). Misexpression of
393 pnr using bi-Gal4 (biNpnrD4) suppressed the eye fate on both dorsal
394 and ventral eye margins as evident from the absence of Elav
395 expression (Fig. 3F; white arrows). This suggests that pnr upon
396 misexpression suppresses the eye fate, irrespective of dorsal or
397 ventral domains. Random gain-of-function clones of pnr in the eye

398using UAS-pnrD4 (marked by GFP reporter) caused suppression of
399photoreceptors as evident from the absence of Elav positive cells in
400the eye disc (Fig. 3G, G') as well as in the adult eye (Fig. 3H). In
401addition to the small eye phenotypes seen in the gain-of-function
402clone of pnr, we observed necrosis as evident from presence of dark
403spots in the adult eye (Fig. 3H). These results suggest pnr can suppress
404the eye fate. The frequency of pnr gain-of-function clones was
405extremely low in the eye disc as well as the adults probably due to
406issues with cell survival.
407We then disrupted Pnr function using dominant negative pnr
408(UAS-pnrENR) (Fu et al., 1998; Klinedinst and Bodmer, 2003) where
409the construct contains the repressor domain from the Engrailed
410transcription factor (EnR, amino acid 2-298) (Jaynes and O'Farrell,
4111991) and the two N-terminal zinc-finger domains from pnr (amino
412acids 153-293) (Ramain et al., 1993). Disrupting pnr function in the
413entire eye-antennal imaginal disc all along during eye development
414by misexpression of pnrENR (eyNpnrENR) resulted in a small group of
415Elav positive retinal cells in the eye field (Fig. 3G), and a highly
416reduced eye in the adult fly (Fig. 3H). However, there was no affect on
417the developing antennal field (Fig. 3G, H). This suggests that during
418early eye development when DV patterning is being established pnr
419function is crucial for eye development. However, misexpression of
420pnrENR on both dorsal and ventral eye margins using bi-Gal4
421(biNpnrENR) caused enlargement of only the dorsal eye (Fig. 3H,
422arrow). In biNpnrENR background, pnr function was abolished only in a
423few subset of cells within the endogenous pnr expression domain in
424the peripodial membrane of the dorsal eye. These dorsal eye
425enlargement phenotypes further substantiated the possibility that
426pnr may suppress retinal determination in the dorsal eye margin.

427Pnr downregulates the retinal determination genes to suppress the eye

428To address the role of pnr in retinal determination, we checked the
429expression ofmembers of the retinal determination (RD) gene pathway
430in the loss-of-function clones of pnr in eye-antennal imaginal disc. The
431loss-of-function clones of pnr (marked by absence of the GFP reporter)
432that exhibit enlargement of the dorsal eye showed no ectopic induction
433of Ey (Fig. 4A, A', A"). It has been shown that Ey is expressed in
434undifferentiated retinal precursor cells early in eye development and
435after the onset of photoreceptor differentiation; Ey continues to express
436in theundifferentiated retinalprecursor cells anterior to theMF(Quiring
437et al., 1994; Lee and Treisman, 2001a,b; Singh et al., 2002; Bessa et al.,
4382002). Although Ey expression was not affected, the loss-of-function
439clones of pnr which caused ectopic dorsal eye enlargements showed
440ectopic induction of Eya (Fig. 4B, B', B"), which acts downstream to Ey.
441The loss-of-function clones of pnr in the ventral domain of the eye did
442not exhibit any affect on wild-type Eya expression. During the late first
443instar stage, eya begins expression in the eye region of the disc. A short
444time after eya expression, so, dac, and eyg are expressed in the late
445second instar stage in the region posterior to theMF (Bonini et al., 1993;
446Cheyette et al., 1994; Jang et al., 2003; Kenyon et al., 2003;Mardon et al.,
4471994). After theMF begins expression of eya and so are restricted to the
448area within and posterior to the MF (Bonini et al., 1993; Cheyette et al.,

Table 1t1:1

Classification of the loss-of-function phenotypes of pannier (pnr) clones in the eye and antenna.
t1:2
t1:3 Phenotype Large clones with dorsal

eye enlargements
Small clones with dorsal
eye enlargements

No dorsal eye
enlargements

Antennal
duplication

Total flies (with clones)
counted

t1:4 Clones with Non-autonomous dorsal eye
enlargement, Class I

34 (8.3%) 34

t1:5 Clones with autonomous dorsal eye
enlargement, Class II

23 (5.6%) 29 (7.0%) 52

t1:6 No dorsal eye enlargement, Class III 308(75.3%) 308
t1:7 Antennal duplication, Class IV (10)a (4)a 15 (3.6%) 15
t1:8 Grand total 409

a The flies in this category showed both antennal duplications dorsal eye enlargements of large and small size.t1:9
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449 1994). The expression of dac is restricted to the MF in the area that
450 directly precedes the MF and continues in R1, R6 and R7 for a few
451 columns posterior to the MF and sharply disappears after that domain
452 (Mardonet al., 1994; Tavsanli et al., 2004). The loss-of-function clones of
453 pnr in the dorsal eye showed ectopic induction of So (Fig. 4C, C', C";
454 white arrows) and Dac (Fig. 4D, D', D"; white arrows). Dac is expressed
455 downstream to eya and so (Chen et al., 1997). The ventral eye clones did
456 not exhibit any effect on the expression of RD genes. These results
457 suggest that ey, a geneexpressed inundifferentiated cells, is not induced
458 in ectopic dorsal eye enlargement whereas the downstream RD genes
459 like eya, so, dac that are expressed in differentiating photoreceptor
460 neurons are upregulated in the pnr loss-of-function clones. The pnr loss-
461 of-function clones which only result in antennal duplications does not
462 affect RD genes expression (data not shown). These results suggest that
463 pnrmay act downstream of ey to suppress retinal determination on the
464 dorsal eyemargin. Furthermore, since pnr is expressed in the peripodial
465 membrane on the dorsal eye margin, these loss-of-function clonal
466 phenotypes of pnr suggests that pnr blocks retinal determination in the
467 peripodial membrane of the dorsal eye margin. Thus, pnrmay promote
468 head specific fate by blocking retinal determination in the peripodial
469 membrane.
470 We tested this hypothesis by checking RD gene expression in
471 biNpnrD4 background where pnr misexpression suppresses the eye
472 both on dorsal and ventral eye margins (Fig. 3F). Interestingly, Ey was
473 present on both dorsal and ventral margins (Fig. 4E, E'; white
474 arrowheads). However, the expression of other RD genes like Eya
475 (Fig. 4F, F'; white arrowheads), So (Fig. 4G, G'; white arrowheads), and

476Dac (Fig. 4I, I'; white arrowheads) was downregulated on both the
477dorsal as well as the ventral eye margins of highly reduced eye-
478antennal imaginal disc. Dac expression anterior to the MF is not
479affected (Fig. 4I, I'). These results strongly suggest that pnr suppresses
480retinal determination by blocking Eya, So, and Dac expression.

481Pnr suppresses eye by induction of its downstream target Wg

482In order to test if, themissexpressed pnr is functional in the eye disc;
483we tested the levels of Wg as a functional read out of pnr in the eye. Pnr
484acts upstreamto the signalingmoleculeWg, that suppresses the eye fate
485(Ma and Moses, 1995; Treisman and Rubin, 1995; Lee and Treisman,
4862001a,b). Wg is expressed on the antero-lateral margin of both dorsal
487and ventral eye (Fig. 1D). Misexpression of pnr in the eye disc
488(eyNpnrD4) results in the suppression of eye (Fig. 3B). We found that
489misexpression of pnr on both the dorsal and the ventral margin
490(biNpnrD4) of eye disc results in robust induction of Wg along with a
491strong suppression of the eye on both the dorsal as well as the ventral
492margins (Fig. 5A, A'). biNpnrD4 showed similar eye suppression
493phenotypes on both the dorsal and ventral eye margins in the adult
494eye (Fig. 5B). This phenotype is similar to the misexpression of Wg on
495both dorsal and ventral margins (biNwg) that results in suppression of
496the eye on both dorsal as well as ventral margins (Singh et al., 2002).
497Targeted misexpression of pnr using (eyNpnrD4) results in a “no-eye”
498phenotype by induction of Wg in the entire eye (Fig. 5C). These
499phenotypes are comparable to the ectopic induction of Wg in the eye
500(eyNwg) (data not shown, Singh et al., 2002). Interestingly, the ectopic

Fig. 3. Pnr suppresses the eye fate. (A) Eye-antennal imaginal disc showing domain of expression of GFP reporter (green) under the ey Gal4 (eyNGFP). Note that the ey Gal4 drives the
expression of GFP reporter in the entire eye-antennal imaginal disc (both anterior as well as posterior to the morphogenetic furrow (MF) marked by white arrowhead). (B) Wild-
type adult eye. (C, D) Misexpression of pnr in the eye using the ey-Gal4 driver (eyNpnrD4) results in the suppression of eye fate and leads to a “no-eye” phenotype in the (C) eye-
antennal disc (Elav, a pan-neural marker, whichmarks the photoreceptors) as well as in the (D) adult eye. The white dotted line in 3Cmarks the possible outline of the eye disc. There
is no effect on the antennal field both in the eye-antennal imaginal disc as well as the adult head. (E) Another Gal4 driver, bi-Gal4 drives expression of a GFP reporter (biNGFP) both
on the dorsal and the ventral eye discmargin. (F) Misexpression of pnr using bi-Gal4 (biNpnrD4) results in the suppression of eye fate on both the dorsal and the ventral eye margin as
evident from the loss of Elav expression (white arrows). (G, G', H) Gain-of-function clones of pnr (marked by GFP, white arrowhead) generated by random “flp-out” approach in the
eye using the heat shock-FLP showed the suppression of eye as evident from the absence of (G’) Elav in the eye disc as well as (H) in the adult eye. Note that the eye suppression in the
pnr heat shock “flp out” clones was seen only in the larger clones. Further, necrosis (black spots) is also seen in the adult eye upon misexpression of pnr in the eye. (I, J) Blocking pnr
function in the entire eye using pnr ENR construct (eyNpnrENR) results in a “small eye” phenotype as seen (I) in the eye imaginal disc as well as (J) in the adult eye. (K) However,
blocking pnr function both on the dorsal and the ventral eye disc margin (biNpnr ENR) results in the dorsal eye enlargement whereas there was no effect on the ventral eye margin.
This data suggests that pnr suppresses eye on the dorsal eye margin.
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501 eye induction andWg downregulation did not cover the entire loss-of-
502 function clone of pnr in the dorsal eye (Fig. 5D, marked by the white
503 dotted line). But the Wg expression was present within the clone
504 juxtaposed to the wild-type wg expression domain in the head region
505 (Fig. 5D). This Wg expression phenotype can be explained as rescue of
506 Wgwithin clone from the wild-type cells due to the secretary nature of
507 Wg. The loss-of-function clones of pnr in the disc proper (DP) did not
508 result in ectopic eye enlargements and showed no affect on Wg
509 expression (Fig. 5F, F'). In some of the larger loss-of-function clones of

510pnr, which extend from thedorsal eyemargin into the antennalfield,we
511observed a surprising resultwhere the entire clonedid not showectopic
512eye enlargement. The area of the clone, which did not have eye
513enlargement, showed strong Wg expression even though the expres-
514sion domain of thisWgwas not close towild-type expression domain of
515Wg. This result suggests that pnr is not the sole regulator of wg
516expression in the dorsal eye. Sincewg acts in a feedback loopwith hth in
517the ventral eye (Pichaud and Casares, 2000; Singh et al., 2002), there is a
518possibility of the role of hth in wg regulation in the dorsal eye.

Fig. 4. Pnr suppresses the expression of retinal differentiation genes in the eye. (A, A', A") Loss-of-function clones of pnr in the eye exhibit dorsal eye enlargement by (A") ectopic Elav
expression. In these clones where dorsal eye enlargement is seen, (A') the expression of retinal precursor marker Ey is restricted anterior to the furrow (white arrow). The dorsal eye
enlargement,markedby Elav (blue) is theoutcomeof thepnr loss-of-function clone.Note that Ey is absent in thedifferentiating photoreceptors. Therefore, Ey is not seen in these clones. (B-D)
Loss-of-function clones ofpnr showinganectopicdorsal eyephenotypewith ectopic inductionof retinal determinationgenes like (B, B', B") Eya (white arrow), (C, C', C") So (white arrow), and
(D,D', D")Dac (white arrow).Note that these retinal determination genes,which act downstream to Ey, andunlike Ey are expressed in thedifferentiating photoreceptor neurons. (E-H)Gain-
of-function of pnr in the eye suppresses the retinal determination genes. (E, E') Misexpression of pnr on dorsal and ventral eyemargins by using a bi-Gal4 driver (biNpnrD4), results in strong
upregulationofEyonbothdorsal andventral eyemargins (markedbyawhite arrowhead). (F-H)However,misexpressionof pnr (biNpnrD4) suppresses thedownstreamretinal differentiation
genes (F, F') Eya, (G) So, (H)Dac onbothdorsal and ventralmargins (markedby arrowheads). TheanteriorDac expression (anterior to furrow)went all thewaydown to the posteriormargin
in biNpnrD4misexpression. Ey marks retinal precursor cells and is required for the specification of eye field. Our results suggest that pnrmay not affect early eye specification function of Ey,
whereas pnr suppresses the retinal determination genes like eya, so and dac,which acts downstream to Ey.
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519 Pnr eye suppression function in the dorsal eye margin is independent
520 of hth

521 In order to understand the mechanism by which pnr suppresses
522 the eye fate, we tested whether loss of pnr function induces hth.
523 Misexpression of hth on both dorsal and ventral eye margins (biNhth)
524 results in suppression of the eye on both dorsal and ventral eye
525 margins (Fig. 6A, A', arrows) as also seen in biNpnr D4 eye- antennal
526 discs (Fig. 3F). Therefore, we tested levels of Hth in biNpnrD4 eye-
527 antennal disc. Interestingly, Hth was induced both on the dorsal as
528 well as the ventral eye margins (Fig. 6B, B', arrows). This raises the
529 possibility that pnr may suppress the eye development by inducing
530 downstream hth. Therefore, if hth is downstream to pnr in the dorsal
531 eye, then loss-of-function of hth must be similar to pnr loss-of-
532 function phenotypes. We generated loss-of-function clones of hth in
533 the eye disc. We found that the loss-of-function clones of hth induced
534 at any time during larval development autonomously induced ectopic
535 eyes only in the ventral head capsule (Fig. 6C, C'; marked by white
536 dotted line, Pai et al., 1998; Pichaud and Casares, 2000). However, hth
537 loss-of-function clones did not show any ectopic dorsal eye enlarge-
538 ments as seen in the pnr loss-of-function clones (Fig. 2). Thus, unlike
539 gain-of-function of hth that corresponds to the gain-of-function of pnr
540 (Fig. 3), the loss-of-function of hth does not match pnr- loss-of-
541 function clonal phenotypes. This result rules out the possibility of pnr
542 acting upstream of hth in the dorsal eye. We studied the expression of
543 Hth in the pnr loss-of-function clones and found that Hth expression
544 was not affected in loss-of-function clones of pnr showing ectopic eye
545 enlargements (Fig. 6D, D'). Hth marks the undifferentiated retinal
546 precursor cells anterior to the furrow (Fig. 1; Pai et al., 1998; Bessa et al.,
547 2002). In pnr loss-of-function clones, where no ectopic eye enlarge-
548 ments were seen, Hth expression was not affected (Fig. 6E, E').
549 Interestingly, Hth expressionwas induced in pnr loss-of-function clones
550 where the duplication of antennal region took place (Fig. 6F, F'). The
551 duplication of antennal field represents the ventral structures in head
552 capsule (Casares and Mann, 1998). Since hth is expressed in the
553 proximal domains of antennal field there is ectopic induction of hth
554 when duplication of the antennal field and cuticle enlargement occurs.
555 Thus, our results suggest that pnr does not directly affect the hth
556 expression in the dorsal eye.

557Pnr suppresses the eye by downregulating tsh

558We employed a candidate gene approach and looked for the genes
559which might affect the dorsal eye patterning. Homeotic gene teashirt
560(tsh) shows an asymmetric response on the dorsal and ventral eye
561margins. In the early eye, tsh is expressed in the entire disc (Singh et al.,
5622002; Bessa et al., 2002). In the second instar eye-antennal imaginal disc,
563Tsh expression begins to retract anteriorly (Fig. 7A), and in the third
564instar eye disc Tsh is expressed in the retinal precursor cells anterior to
565the MF (Fig. 7A, B; Bessa et al., 2002; Singh et al., 2002). We tested
566expression of tsh in the loss-of-function clones of pnr in the dorsal eye.
567We found that pnr loss-of-function clones, which exhibit dorsal eye
568enlargement also exhibit ectopic induction of Tsh (Fig. 7C, C') as well as
569the tsh reporter y, w; tsh A8 (Fig. 7C, C"). It suggests that pnr might
570suppress tsh expression at the transcription level. In order to test
571whether pnr suppresses the eye by downregulating tsh, we generated
572pnr loss-of-function clones where tsh levels were reduced to 50% using a
573heterozygous combination of tsh8, anull allele of tsh (Fasanoet al., 1991).
574Interestingly, in thesepnr loss-of-function cloneswhere tsh functionwas
575reduced to half, we did not see any ectopic eye enlargement (Fig. 7D).
576Interestingly, although the dorsal clones did induce overgrowths/
577enlargement, these clones did not show any ectopic Elav expression.
578However, these clones exhibited strong Ey expression (Fig. 7D', D"). The
579adult eye phenotype of these clones is similar to the eye disc phenotype
580of lack of any dorsal eye enlargements (Fig. 7E). To further test our
581hypothesis that pnr affects tsh expression at the transcription level, we
582misexpressed pnr on the dorsal and ventral eye margins (biNpnrD4) and
583checked the expression of the tsh reporter.We found that tsh expression
584was downregulated on both the dorsal and ventral eyemargins (Fig. 7F,
585arrows). Since endogenous expression of pnr is restricted to the dorsal
586eyemargin, our results suggest that pnr suppresses the tsh expression in
587the dorsal eye. We further tested pnr and tsh interaction, by misexpres-
588sing pnronbothdorsal and ventral eyemargins in a tsh8/+heterozygous
589background (biNpnrD4; tsh8/+). In this tsh heterozygous background,
590misexpression of pnr strongly enhances the eye suppression phenotype
591on both the dorsal and the ventral eyemargins (Fig. 7G) as compared to
592biNpnrD4 alone (Fig. 7F). These results suggest that pnrmay suppress tsh
593at the dorsal eye margin. Misexpression of tsh on the dorsal and the
594ventral eye margin (biN tsh) results in dorsal eye enlargement and

Fig. 5. pnr induces downstream target Wg to suppress the eye. Wg is known to act as a negative suppressor of eye fate. Wg is expressed laterally both on the dorsal and the ventral
eye margins (Fig. 1B). (A, A') Misexpression of pnr on both dorsal and ventral eye margin using bi-Gal4 results in the suppression of eye on both DV margins along with ectopic
induction of Wg (marked by white arrows). (B) biNpnrD4 results in the reduction of eye both on the dorsal and ventral eye margins. This phenotype is similar to biNwg (Singh et al.,
2002). (C) Misexpression of Wg in the entire eye using ey-Gal4 (eyNwg) results in “no-eye.” (D) Loss-of-function clones of pnr in the dorsal eye (marked by absence of GFP reporter
and white dotted line) result in the ectopic eye enlargement along with the suppression of Wg expression. (E, E') Loss-of-function clones of pnr in the DP (marked by white dotted
line) caused no effect onWg expression as Pnr is not expressed in the DP. (E') Highermagnification of the clone showing its location restricted to the DP. (F) Interestingly, some of the
bigger loss-of-function clones of pnr (marked by white dotted line) exhibit the dorsal eye enlargement. However, this eye enlargement do not cover the entire clone. The part of the
clone anterior to the eye enlargement show robust Wg expression. These clones show some overgrowth in the eye disc, which will form head specific structures, suggesting that
within dorsal eye margin pnr is not the sole Wg regulator.
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595 ventral eye suppression (Fig. 7H; Singh et al., 2002). This phenotype is
596 complementary to the pnr loss-of-function phenotype. Misexpression of
597 tsh RNAi using bi-Gal4 results in complementary to biN tsh phenotype in
598 the dorsal eye (data not shown). We therefore tested whether
599 misexpression of tsh can rescue the pnr misexpression phenotype.
600 Misexpression of both pnr and tsh (biN tsh+pnrD4) resulted in the
601 lethality as early as the first instar larval stage. We therefore,
602 misexpressed ara, a downstream target of pnr and a member of Iro-C
603 complex,with tsh on the dorsal and ventral eye margins (biN tsh+ara),
604 which resulted in the enlargement of the eye on the dorsal eye margin
605 (Fig. 7C; Singh et al., 2004). We further tested the hypothesis that pnr
606 downregulates tsh in the dorsal eye to suppress eye fate. Misexpression
607 of tsh in thedorsal eyemargin using a pnr-Gal4 driver (pnrN tsh) resulted
608 in the enlargement of eye on thedorsalmargin (Fig. 7J). Lastly,we tested
609 whether reducing pnr levels affects the biN tsh phenotype. In heterozy-
610 gous pnr backgroundwemisexpressed tsh (biN tsh; pnrvx6/+) and found
611 that it results in the dorsal eye enlargements (Fig. 7K). These eye
612 enlargements were similar to that of the biN tsh alone (Fig. 7H). This
613 suggests that tsh acts downstream to pnr and therefore levels of tsh are
614 crucial for the dorsal eye enlargement phenotype. Thus, pnr suppresses
615 the eye development on the dorsal eye margin by suppressing tsh.

616 Discussion

617 We have addressed a basic question pertaining to regulation of
618 patterning, growth and differentiation of the developing eye field. Our
619 results provide an important insight into the role of pnr, a gene known

620to confer dorsal eye identity during axial patterning of the eye
621(Maurel-Zaffran and Treisman, 2000; Pichaud and Casares, 2000;
622Singh and Choi, 2003). We and others have shown that the onset of
623pnr expression during early eye development results in the generation
624of dorsal lineage in the eye. It results in the formation of a DV
625boundary (equator), which triggers N signaling at the border of the
626dorsal and ventral compartments to initiate growth and differentia-
627tion (Cho and Choi, 1998; DomÍnguez and de Celis, 1998; Papayan-
628nopoulos et al., 1998; Singh et al., 2005b).
629Earlier, we have tested the spatial as well as temporal requirement
630for the genes controlling ventral eye growth and development (Singh
631and Choi, 2003). During early eye development, prior to the onset of
632pnr expression in the dorsal eye, entire early eye primordium is
633ventral in fate (Singh and Choi, 2003). Removal of function of genes
634controlling ventral eye development prior to the onset of pnr
635expression, result in complete elimination of the eye field whereas
636later when pnr starts expressing, the eye suppression phenotype gets
637restricted only to the ventral eye (Singh and Choi, 2003; Singh et al.,
6382005a). These studies suggested that pnr plays an important role in
639dorso-ventral (axial) patterning. However, the role of dorsal selector
640pnr in retinal determination was unknown.

641Pnr suppresses the eye fate

642Loss-of-function clones of pnr in the dorsal eye exhibit eye
643enlargement (Fig. 2A; Maurel-Zaffran and Treisman, 2000; Pichaud
644and Casares, 2000; Singh and Choi, 2003). It was suggested that when

Fig. 6. pnr suppresses the eye fate at dorsal eye margin independent of hth. hth, a Meis class of gene (Rieckhof et al., 1997), acts as a negative regulator of the eye (Pai et al., 1998). Hth
expression is restricted anterior to furrow in 10–15 cell wide domain and in entire peripodial membrane (Fig. 1). (A, A') Misexpression of hth on both dorsal and ventral eye margin
(biNhth) results in the suppression of eye fate on both dorsal and ventral margin of the eye disc as evident from (A') suppression of Elav (marked by white arrows). (B, B')
Misexpression of pnr on both dorsal and ventral eye margin (biNpnrD4) results in suppression of eye on both dorsal and ventral eye margin (marked by white arrows), which is
accompanied by induction of Wg (green) as well as Hth (red; white arrows). (C, C') Loss-of-function clone of hth in the eye has DV asymmetric phenotypes. The loss-of-function
clone of hth in the ventral eye results in the eye enlargement as evident from Elav expression (marked by white dotted line). Note that the dorsal eye clones do not exhibit any
phenotype. (D–F) In loss-of-function clones of pnr, (D, D") which result in dorsal eye enlargement (marked by white dotted line) or (E, E’) which do not exhibit dorsal eye
enlargement (marked by white dotted line), Hth (red) expression stays anterior to the furrow as seen in the wild-type eye disc. Loss-of-function clones of pnr in the antennal disc
which results in the duplication of antennal field exhibit ectopic Hth expression in the duplicated antennal disc (marked by white dotted line). Note that hth is expressed in the
proximal region of the antennal disc.

9S.M. Oros et al. / Developmental Biology xxx (2010) xxx–xxx

Please cite this article as: Oros, S.M., et al., Dorsal eye selector pannier (pnr) suppresses the eye fate to define dorsal margin of the Drosophila
eye, Dev. Biol. (2010), doi:10.1016/j.ydbio.2010.07.030



645 pnr function was abolished in the dorsal eye using loss-of-function
646 clones, it results in the change of dorsal eye fate to ventral. This results
647 in generation of a de novo equator, the border between dorsal and
648 ventral half of the eye, which triggers ectopic N signaling to promote
649 growth and cell proliferation. The same premise was used to explain
650 the gain-of-function phenotype of pnr in the eye. Misexpression of pnr
651 in the entire eye (eyNpnrD4) generates a completely dorsalized eye
652 field as pnr acts as the dorsal fate selector. The fully dorsalized eye lack
653 DV polarity (equator) , which results in the complete loss of eye field
654 due to lack of N upregulation (Fig. 3C, D; Maurel-Zaffran and
655 Treisman, 2000). Here, we addressed another possibility to see if
656 pnr suppresses the eye fate upon misexpression in the entire eye as
657 evident from the 'no-eye" phenotype.
658 To test if pnr suppresses the eye fate, we misexpressed pnr both in
659 the dorsal and ventral (DV) eye margins of the eye using a bi-Gal4
660 driver (biNpnrD4) (Fig. 3F). The rationale was if pnr is only required to
661 assign the dorsal eye fate, in that case pnr misexpression (biNpnrD4)
662 will assign a dorsal fate on the margin of ventral eye. Thus, by this
663 logic, it would result in generation of a de novo equator on the ventral
664 eye margin, which should manifest as eye enlargements in the ventral

665eye. The argument was based on the similar premise that was
666employed to explain that loss-of-function clones of pnr in the dorsal
667eye generated a new equator and led to the dorsal eye enlargement.
668We did not observe any ventral eye enlargements in biNpnrD4 eye disc
669(Fig. 3F). Instead we saw suppression of the eye on both the dorsal as
670well as ventral margins (Fig. 3F). The suppression of eye fate on both
671the dorsal and the ventral margins suggests that pnr, irrespective of
672the domain where it is expressed, can suppress the eye fate.

673Pnr suppresses the Retinal Determination (RD) genes function

674Since pnr suppresses the eye fate, it is possible that it may be
675involved in regulation of expression of genes of the core retinal
676determination machinery. Loss-of-function of pnr in the dorsal eye
677clones results in the eye enlargements as evident from Elav positive
678cells but it does not induce ectopic Ey (Fig. 4A). Ey expression evolves
679during eye development and is localized anterior to the morphoge-
680netic furrow in retinal precursor cells and is downregulated and
681degraded posterior to the furrow in differentiation retinal neurons
682(Quiring et al., 1994; Halder et al., 1995, 1998; Baonza and Freeman,

Fig. 7. Pnr suppresses the eye fate by downregulating teashirt (tsh) in the dorsal eyemargin. Tsh, a Hox gene (Fasano et al., 1991), exhibits Dorso-ventral (DV) asymmetric function in
the eye (Singh et al., 2002). pnr expression initiates in early second instar eye-antennal imaginal disc (Singh and Choi, 2003). (A) In the late second instar, pnr expression evolves and
is restricted to 50-100 cells of the dorsal eyemargin. At this stage whenMF has just initiated, Tsh is expressed anterior to the furrow (MF). (B) In the third instar eye imaginal disc, pnr
is expressed on the dorsal eye margin whereas tsh is expressed in the eye disc anterior to the furrow. (C- C”) Loss-of-function clone of pnr in the dorsal eye marked by the loss of GFP
reporter (marked by white dotted line) exhibit (C’) ectopic localization of Tsh protein, and (C”) ectopic expression of tsh reporter (tshA8/CyO) in the dorsal eye. (D-D”) Loss-of-
function clones of pnr (marked by loss of GFP), where tsh function is reduced to half using a heterozygous background of tsh null allele (tsh8/+), (D’) exhibit outgrowth on the dorsal
eye margin which is positive for Ey expression but there is no ectopic eye enlargement as evident from (D") absence of neuronal marker Elav expression. The dorsal overgrowth
exhibits robust expression of Ey, a marker for undifferentiated retinal precursor cells. (E) Loss-of-function clone of pnr in the tsh heterozygous background marked by the loss of
mini-white reporter (red: clonal boundary marked by black dotted line) results in the absence of eye enlargement in the adult eye. These results suggest that pnr eye suppression
function is mediated through downregulation of tsh. (F) Misexpression of pnr on the dorsal and the ventral eye margin, biNpnrD4, results in the suppression of tsh reporter on both
dorsal and ventral eye margin (white arrowhead) along with the suppression of eye as evident from Elav (blue) expression. Note that eye size is reduced on both margins.
(G)Misexpression of pnrD4 both on dorsal and ventral eyemargin in tsh heterozygous background (tsh8/+; biNpnr D4) exhibits strong suppression of eye resulting in a highly reduced
eye. Note that biNpnrD4 alone (F) shows suppression of eye both on the dorsal and the ventral eye margin. However, the size of biN tsh8/+; pnr D4 eye imaginal disc size is extremely
reduced as compared to biNpnrD4 alone. (H) Misexpression of tsh on DV margin (biN tsh) results in the suppression of eye on the ventral margin whereas eye enlargement in the
dorsal eye (Singh et al., 2002). Misexpression of both tsh and pnr on DV margin results in early lethality. Therefore, we misexpressed pnr downstream target ara with tsh.
(I) Misexpression of tshwith dorsal eye selector ara, a downstream target of pnr, on DVmargin using bi-Gal4 (biN tsh+ara) results in the enlargement on both dorsal and ventral eye
margins. Misexpression of tsh and ara on DVmargin results in strong dorsal eye enlargements. (J) Misexpression of tsh using pnr-Gal4 driver (pnrN tsh) results in the enlargement of
the dorsal eye. (K) Misexpression of tsh in the heterozygous pnr background results in the dorsal eye enlargement. However, these eye enlargements are not bigger than what is seen
in (H) biN tsh or (J) pnrN tsh, suggesting that pnr acts upstream of tsh.
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683 2002; Kango-Singh et al., 2003; Lee and Treisman, 2001a,b). We found
684 that in the loss-of-function clones of pnr in the eye, the expression of
685 retinal determination pathway members like Eya, So and Dac, which
686 act downstream to Ey, was ectopically induced (Fig. 4B–D). In the
687 converse situation, where pnr was misexpressed on both dorsal and
688 ventral eye margins (biNpnrD4), we observed ectopic induction of Ey
689 on both the dorsal and the ventral margins (Fig. 4E) whereas the
690 expression of Eya (Fig. 4F), So (Fig. 4G) and Dac (Fig. 4H) were
691 suppressed. Thus, misexpression of pnr in the eye prevents the
692 photoreceptor differentiation irrespective of the dorsal or ventral
693 domain. Based on these results we can propose that pnr suppresses
694 the eye fate on the dorsal eyemargin by downregulating RD genes like
695 eya, so and dac (Fig. 8).
696 Since ey is responsible for the specification of the eye field and
697 marks the retinal precursor cells, it suggests that pnr does not affect
698 the eye field formation or specification. In fact pnr affects expression
699 of RD genes eya, so and dac (Fig. 4), which acts downstream to ey, and
700 are involved in retinal determination (Kango-Singh et al., 2003; Pappu
701 and Mardon, 2004; Silver and Rebay, 2005; Kumar, 2009). Our results
702 suggest that pnr suppress retinal determination genes. Since endog-
703 enous expression of pnr is restricted to the peripodial membrane of
704 the dorsal eye margin (Fig. 1), it suggests that pnr may be involved in
705 suppression of retinal determination on the dorsal peripodial
706 membrane. Thus, our results suggest that pnr generally acts at the
707 stage when photoreceptor differentiation is initiated with the
708 formation of the morphogenetic furrow (MF) and promotes the
709 dorsal head cuticle fate by suppressing retinal differentiation (Fig. 8).

710Dual function of pnr during eye development

711Based on our new findings and other previously published results,
712we propose that pnr may be required for two different functions
713during eye development: (1) axis determination during DV pattern-
714ing and (2) suppression of the retinal determination process to define
715the dorsal eye field margin. These functions of pnr appear to be
716temporally controlled as DV axis determination takes place in late
717first- or early second- instar of eye development (Singh et al., 2003 Q1,
718Singh et al., 2005b) while suppression of the eye fate is evident in late
719second instar of larval development.
720The axis determination function of pnr is required in the earlier
721time window. This is further validated by the loss-of-function clones
722of pnr of first category, which are bigger and exhibits non –

723autonomous dorsal eye enlargement phenotypes (Fig. 2A, B). These
724dorsal eye enlargements that are spanning both wild-type and pnr
725mutant cells in the eye disc conforms to the notion that when pnr is
726lost in a group of cells during early development, it fails to confer
727dorsal identity over the default ventral state. As a consequence de
728novo equator is generated which results in the ectopic dorsal eye
729enlargements (Maurel-Zaffran and Treisman, 2000; Pichaud and
730Casares, 2000; Singh et al., 2005b). Since these clones are always
731bigger (Table 1), suggesting that they might be formed earlier. The
732late function of pnr in suppression of retinal determination is
733validated both by the gain-of-function studies (Fig. 3) as well as the
734loss-of-function clones of second category, which are both bigger as
735well as smaller in size and are autonomous in nature (Fig. 2C, D;
736Table 1). These clones have ectopic dorsal eyes, which are restricted
737within the clones, thereby suggesting that absence of pnr function
738promotes ectopic eye formation in the dorsal eyemargin. Thus, during
739the early second instar of development, before the onset of retinal
740differentiation, pnr is required for defining the dorsal lineage by
741inducing Wg and members of the Iro-C complex (Maurel-Zaffran and
742Treisman, 2000; Singh et al., 2005b). However, later during the late
743second-instar stage of eye development, when the morphogenetic
744furrow (MF) is initiated, pnr suppresses the photoreceptor differen-
745tiation at the dorsal eye margin. The endogenous expression of pnr in
746only the peripodial membrane of the dorsal eye margin further
747confirms this notion (Fig. 1; Pereira et al., 2006). Lack of phenotypes in
748pnr clones which are restricted to the disc proper (DP) alone verifies
749pnr localization (Fig. 2E, F). Thus, pnr defines the boundary between
750the eye field and the head cuticle on the dorsal margin. An interesting
751question will be to identify which gene is responsible for defining the
752ventral eye margin. In the ventral eye where pnr is not expressed, hth
753is known to suppress the eye fate (Pai et al., 1998; Pichaud and
754Casares, 2000). There is a strong possibility that hth may be involved
755in defining the boundary of eye field on the ventral eye margin
756between the disc proper and peripodial membrane.

757Pnr induces Wg to suppress the eye development independent of hth

758Since pnr induces Wg, it is expected that pnrmay suppress the eye
759by induction of Wg (Fig. 8). Even though Wg signaling is responsible
760for suppression of photoreceptor differentiation on both dorsal and
761ventral eye margins (Ma andMoses, 1995; Treisman and Rubin, 1995;
762Lee and Treisman, 2001a,b; Baonza and Freeman, 2002), its regulation
763is different on both dorsal and ventral eye margins (Pichaud and
764Casares, 2000;Maurel-Zaffran and Treisman, 2000). In the ventral eye,
765wg is involved in a feedback loop with hth to suppress the eye fate
766(Pichaud and Casares, 2000; Singh et al., 2002). In the dorsal eye, Pnr
767induces Wg signaling, which in turn induces the members of Iro-C
768complex, and ultimately these signaling interactions define the dorsal
769eye fate. Interestingly, it seems Pnr is not the sole regulator of Wg in
770the dorsal eye (Fig. 5). Since loss-of-function of hth does not exhibit
771the phenotypes similar to the loss-of-function of pnr (Fig. 6) or wg
772(Treisman and Rubin, 1995; Ma and Moses, 1995), it is expected that

Fig. 8. Pnr suppresses the eye fate by downregulating tsh which results in suppression
of retinal determination genes at the dorsal eye margin. GATA-1 transcription factor
pnr, which is expressed in the peripodial membrane (PM) at the dorsal eye margin,
suppresses the retinal determination. The suppression of retinal determination genes
by pnr can be mediated by two possible ways: (i) pnr directly suppresses the retinal
determination genes to suppress the eye. pnr may act downstream to ey and suppress
the downstream retinal determination target eya and other downstream genes so and
dac. During eye development, ey is required for eye specification and other downstream
targets are required for retinal determination. Our studies suggest that pnr acts on
retinal determination process, which corresponds to the onset of pnr expression in the
eye. (ii) Alternatively, pnr suppresses the eye by downregulating homeotic gene teashirt
(tsh) in the dorsal eye. Interestingly, the tsh gain-of-function in the dorsal eye (Singh
et al., 2002) is complementary to the loss-of-function of pnr in the dorsal eye. tsh is
known to act upstream of eya, so and dac (Pan and Rubin, 1998). Thus, the dorsal eye
enlargement observed in pnrmutant is due to ectopic induction of tsh in the dorsal eye,
which in turn can induce the RD genes. Lastly, Pnr mediated suppression of the eye fate
is independent of Meis class of homeotic gene, homothorax (hth) function.
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773 the positive feedback loop regulation of wg and hth as seen in the
774 ventral eye margin does not hold true on the dorsal eye margin. We
775 found that hth is not affected in the pnr clones that exhibit dorsal eye
776 enlargements. Furthermore, when we made clones of hth in pnr
777 heterozygous condition, we did not see any dorsal eye enlargements
778 suggesting that hth and pnr do not interact. Thus, like others, our
779 results also verified that hth is not involved in pnr mediated eye
780 suppression on the dorsal eye margin (Fig. 8; Pichaud and Casares,
781 2000).

782 Eye suppression function of pnr is mediated through the suppression
783 of tsh

784 It is known that the gain of function of tsh in the dorsal eye results
785 in ectopic eye enlargement whereas gain of function of tsh in the
786 ventral eye result in suppression of ventral eye (Singh et al., 2002,
787 2004). The dorsal eye enlargements seen in tsh gain-of-function is a
788 phenotype similar to pnr loss-of-function in the dorsal eye. In pnr loss-
789 of-function clones, we found that tsh was ectopically induced
790 (Fig. 7C). Furthermore, when pnr loss-of-function clones were
791 generated in a heterozygous background of the tsh null allele tsh8/
792 CyO (Fasano et al., 1991), the dorsal eye enlargement phenotype was
793 dramatically suppressed and no longer observed. Interestingly, we
794 found that dorsal enlargements were there but were not accompanied
795 with ectopic eyes as evident from absence of Elav expression (Fig. 7D).
796 All these dorsal enlargements were showing strong Ey expression.
797 Among 500 flies counted we found only two flies that showed subtle
798 dorsal eye enlargements. Interestingly, we also found that in pnr loss-
799 of-function clones the mini-white reporter gene under tsh was
800 ectopically induced (data not shown). The loss-of-function pheno-
801 types of pnr were more pronounced when tsh was misexpressed in
802 the clones. Thus, pnr expressed in the dorsal peripodial membrane
803 may suppress tsh in the dorsal eye to suppress the eye fate (Fig. 8).
804 Interestingly, tsh is known to act upstream of eya, so and dac (Pan and
805 Rubin, 1998). Thus, the dorsal eye enlargement observed in the pnr
806 mutant is due to ectopic induction of tsh in the dorsal eye, which in
807 turn can induce the RD genes (Fig. 8).

808 Functional conservation of dorsal selector Pnr

809 The Drosophila eye is similar to the vertebrate eye in several
810 features (Sanes and Zipursky, 2010) like: (i) the morphogenetic
811 furrow in the fly eye is analogous to the wave of neurogenesis in the
812 vertebrate eye (Neumann and Nuesslein-Volhard, 2000; Hartenstein
813 and Reh, 2002), (ii) Like Drosophila, in higher vertebrates dorsal eye
814 genes like Bmp4 and Tbx5 act as `dorsal selectors' and restrict the
815 expression of ventral eye genes Vax2 and Pax2 (Koshiba-Takeuchi
816 et al., 2000; Peters and Cepko, 2002). These DV expression domains or
817 developmental compartments (Peters, 2002) lead to formation of DV
818 lineage restriction as seen in the Drosophila eye (Singh and Choi,
819 2003; Singh et al., 2005a), (iii) The DV lineage in the vertebrate eye
820 also develops from a ventral-equivalent initial state (for review see
821 Singh et al., 2005b). The dorsal genes pnr and iro-C are highly
822 conserved across the species, and are involved in organogenesis and
823 neural development (Gómez-Skarmeta and Modolell, 2002; Singh
824 et al., 2005b). Therefore, it would be interesting to see whether the
825 dorsal selectors in the vertebrate eye play a role in defining the
826 boundary of the eye by suppressing retinal differentiation.
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